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Nucleic acids are gaining enormous importance as key molecules in almost all biological processes. Most
nucleic acids do not act in isolation but are generally associated with proteins to form high-molecular-
weight nucleoprotein complexes. In this perspective article I focus on the structural studies of
supra-molecular ribonucleoprotein (RNP) assemblies in solution by a combination of state-of-the-art
TROSY-based NMR experiments and other structural biology techniques. I discuss ways how to combine
sparse NMR data with low-resolution structural information from small-angle scattering, ﬂuorescence
and electron paramagnetic resonance spectroscopy to obtain the structure of large RNP particles by an
integrated structural biology approach. In the last section I give a perspective for the study of RNP
complexes by solid-state NMR.
 2013 The Author. Published by Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
RNA has gained enormous importance in the past two decades
as an extremely versatile molecule, which is able to carry genetic
information, function as an enzyme, nucleate and guide the assem-
bly of complex molecular machines and regulate a wealth of cellu-
lar processes. New roles of non-coding RNAs are being discovered
at an amazing pace (siRNA, miRNA, piRNA, lncRNA, scanRNA, etc.)
[1–4] and more are expected to be uncovered in the next years.
Most of the RNAs in eukaryotic cells do not act in isolation, but
rather exist in complex with proteins to form so-called RNPs (Ribo-
NucleoProtein complexes). Regulatory, non-coding RNAs are gen-
erally associated with proteins that help them perform their
function. Similarly, coding RNAs are decorated with proteins dur-
ing their entire life time: RNP complexes play key roles in various
aspects of messenger RNA (mRNA) metabolism, from transcription
to processing, nuclear trafﬁcking, translation and decay [5]. The
variety of roles of RNP complexes translate in a wide range of ther-
modynamic properties: RNA–protein interactions can be very
tight, for example in scaffolding components of stable molecular
machines such as the ribosome; however, when the association
of an RNA with its cognate protein is part of a dynamic process,
the RNP complex is only transiently formed and the assembly
and disassembly processes are regulated by means of multiple,
modular, weak interactions.Undoubtedly, structural biology plays a key role in understand-
ing the function and regulation principles of RNP complexes.
Examples of success stories in discerning the mechanisms of cellu-
lar processes through structural information can be found in the
prokaryotic ribosome, whose catalytic activity has been uncovered
in most of its steps through snapshot crystal structures [6], or in
the siRNA-bound Argonaute proteins from both thermophile
organisms and more recently from eukaryotes [7,8]. X-ray crystal-
lography continues to be invaluable in revealing the structure of
complex molecular machines; however, a statistical analysis of
the structures deposited in the PDB archive reveals that only
1214 RNP complexes have been solved by X-ray crystallography till
June 2013, next to 9117 protein–protein complex structures
(13%). While this statistics may be affected by the relative ‘‘young
age’’ of RNP complexes in biology, it certainly reﬂects the intrinsic
difﬁculty of obtaining crystals of transiently forming RNP assem-
blies. In addition to this, RNA is a very ﬂexible molecule, which
can assume different conformations depending on the environ-
ment and on the presence of cofactors. The potential ﬂexibility of
the RNA component of RNP complexes, especially in those parts
that are not in tight contact with proteins, represents a main bar-
rier to crystallization. For transient ﬂexible complexes, Nuclear
Magnetic Resonance spectroscopy is an excellent alternative to
X-ray crystallography for structural studies, and, contemporarily,
it offers the opportunity to collect dynamic information. The PDB
archive contains 76 RNP structures solved by NMR, a number that,
while being inferior to that of the RNP structures solved by crystal-
lography, is almost 28% of the NMR-derived protein–protein com-
plex structures (275 PDB entries). These numbers underline the
potential of solution-state techniques to study ﬂexible assemblies
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fully exploited for RNP complexes.
NMR-based structural studies of RNPs have so far addressed
small to medium-size complexes (brieﬂy reviewed in the next ses-
sion). However, most molecular machines involved in RNA metab-
olism and in regulatory RNA pathways are multi-component
assemblies of more than 50 kDa. Due to their modular architecture,
the divide-and-conquer approach is useful to decipher the atomic
details of RNA–protein interfaces. On the other hand, since only
the full complex retains functionality, the architecture of high-
molecular-weight RNPs in solution is relevant to understand
structure–function relationships. This perspective article discusses
recent advances in NMR methodologies to investigate large pro-
teins and nuclei acids and proposes ways to exploit these develop-
ments, possibly in combination with complementary techniques in
structural biology, to study high-molecular-weight RNP complexes
in their functional forms.
2. Small- to medium-sized RNP complexes
The structure of RNA–protein complexes with molecular weight
(MW) < 50 kDa can be solved by standard NMR techniques, taking
advantage of 13C/15N labeling of either the protein or the RNA com-
ponent of the complex. 13C/15N edited, 12C/14N ﬁltered NOESY
experiments [9,10] are instrumental for the detection of intermo-
lecular NOEs.
Structural studies in solution are particularly relevant for pro-
teins in complex with single-stranded short RNA sequences, which
maintain some extent of disorder in the complex. Many RNA-bind-
ing domains are quite tolerant in terms of the RNA sequences they
bind to; therefore, prior to the structural investigation, it is impor-
tant to ﬁnd the RNA sequence with the highest afﬁnity for the cog-
nate protein, which is likely to yield the best quality intermolecular
NOEs. To this end, an NMR based method has been developed that
uses the magnitude of the protein chemical shifts deviations upon
titration of RNA to derive the sequence speciﬁcity of an RNA-bind-
ing domain [11]. The nucleotide type is varied systematically at
each position within the RNA target, where the nucleotides at posi-
tions other than the one under analysis have a random identity.
Analysis of the deviations of the chemical shifts of the target pro-
tein allows identifying patterns of sequence speciﬁc recognition
at each nucleotide position, in a manner that is independent of
the RNA structural and sequence context. The method works for
target RNAs as long as 6–8 nucleotides, which in most cases covers
the length of the RNAs recognized by the widespread RRM (RNA
recognition motif), KH (K-homology), PAZ (Piwi/Argonaute/Zwille)
and Zn-ﬁnger domains.
The importance of solving the structure of RNA–protein com-
plexes in solution can be explained on the basis of our recent work
on the PAZ domain of the mouse Piwi-like (Piwi, P-element in-
duced wimpy testis) protein Miwi in complex with a 30-end 20-O-
methylated RNA [12]. Piwi proteins are germline-speciﬁc Argona-
utes that associate with small RNAs called Piwi-interacting RNAs
(piRNAs), and together with these RNAs are responsible for trans-
poson silencing and regulation. The PAZ domain of Argonaute pro-
teins recognizes the 30-end of the RNA, which in the case of piRNAs
is invariably modiﬁed with a 20-O-methyl group.
The Miwi-PAZ domain binds the last 6 nucleotides of piRNAs
without any sequence speciﬁcity. The 30-end ribose is recognized
by hydrogen bonds involving the RNA 30-OH and 20-O and the car-
bonyl and amide groups of M382, while the 20-O-methyl interacts
with the M382-CH3e (Fig. 1b). Side chains of the b-barrel contact
the nucleotides at position1 to5 from the 30-end either through
electrostatic interactions with the phosphate backbone or through
hydrophobic interactions with the RNA riboses and bases (Fig. 1a
and c). These contacts are sequence independent throughout theentire RNA and explain well the preference of the Miwi-PAZ do-
main for single-stranded ﬂexible RNAs (KD = 0.9 lM), which can
present both bases and riboses to the hydrophobic protein surface,
rather than double-stranded RNAs (KD = 55 lM), which would be
accessible only through their charged backbone [13,14].
Contemporarily to our work, X-ray crystallography yielded the
structure of the Hiwi1-PAZ domain bound to a piRNA mimic
[15]. To allow for crystallization, this study used a self-comple-
mentary 12 base-pair RNA with 2 nucleotides overhang; this RNA
construct is not the physiological target of piRNA-binding domains
but rather resembles the secondary structure of siRNAs. In the
crystallographic structure the recognition of the 30-end nucleotide
is similar to that in our NMR structure; however, starting from
nucleotide 2 from the 30-end, the artiﬁcial double stranded RNA
moves away from the protein and does not contact the surface of
the b-barrel (Fig. 1d). Crystal packing forces between two RNA du-
plexes in the unit cell stabilize this structure. Clearly, the absence
of contacts between the piRNA nucleotides2 to5 and the b-bar-
rel surface is in disagreement with NMR chemical shifts deviations
and NOEs, with previous structures of PAZ-domainsRNA com-
plexes and with the conservation of amino acids of the b-barrel
surface in Piwi proteins.
This example demonstrates the importance of using solution-
state NMR to study RNP complexes, in particular those where the
ﬂexible RNA is not completely covered by proteins; in crystallo-
graphic structures, crystal packing forces together with the use of
artiﬁcial RNA constructs can lead to distortions in the RNA confor-
mation. Excellent reviews of the NMR methodology to study RNP
complexes, together with examples, can be found in [16,17].
3. Large RNP complexes
3.1. Visualization of NMR resonances
The majority of RNP complexes involved in RNA metabolism and
geneexpression regulation are several hundredsof kDa in size.Nuclear
Magnetic Resonance spectroscopy, with the notorious limitation in
size due to relaxation-dependent line broadening, seems unsuitable
for these particles. Yet, the progresses in both hardware and method-
ology seen in the last two decades suggest that the goal of studying
high-molecular-weight RNP complexes by NMR might be in reach.
The ﬁrst requirement for applying NMR to large particles is the
ability to observe the NMR resonances of their components. For the
protein parts of the RNP complexes this task is no longer a chal-
lenge. The development of the methyl TROSY (transverse relaxa-
tion-optimized spectroscopy) technique [18] has made the
observation of methyl groups of Ile, Val, Leu and Met residues fea-
sible in molecules as large as 670 kDa [19]. The motion of methyl
groups is partially decoupled from the slow overall tumbling of
the complex (low order parameter Smethyls2 ); in addition, like in TRO-
SY spectroscopy, a simple HMQC (heteronuclear multiple quantum
correlation) experiment achieves transfer of magnetization among
slowly relaxing coherences in the CH3 spin system [18]. Both these
facts, together with the steadily improving sensitivity of the instru-
mentation through the development of high ﬁeld magnets (a
1.2 GHz magnet is expected to be commercialized in 2016) and
of better probe heads, allowed detection of methyl groups in
high-molecular weight protein complexes at concentrations as
low as tens of micromolar. In seminal work on the 20S proteasome,
the group of L.E. Kay has demonstrated that methyl group reso-
nances can be used to probe intermolecular interaction interfaces
at atomic precision [19].
This technique requires selectively 13C, 1H labeling of side-
chains methyl groups in an otherwise fully deuterated protein.
Using commercially available precursors it is possible to obtain
13C, 1H labeling of one of the two prochiral methyls of Val/Leu
Fig. 1. Structure of the complex between the Miwi-PAZ domain and the 30-end 20-O-methylated RNA 5
0
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0
. (a) NMR structure of the Miwi-PAZ–piRNA complex (PDB
access code, 2xfm). The PAZ domain is colored by structural motifs: a1, a2, magenta; central b-barrel b1, b2, b3, b6, b7, b8 blue; a-helix/b-hairpin motif a3, b4, b5, yellow. The
RNA is in green. Protein residues having NOEs with the RNA are shown in sticks. (b) The methyl group is recognized by a hydrophobic cleft consisting of F333, A381 and M382.
(c and d) NMR structure of the MIWI-PAZ domain bound to a 8mer ssRNA (c, pdb 2xfm) and X-ray structure of the Hiwi-PAZ domain bound to a dsRNA with 2-nt overhangs (d,
pdb 3O6I). In d only the RNA strand contacting the protein at the 30-end is shown. The PAZ domain is colored as in a. The RNA is colored by atom type: C dark gray, N blue, O
red, P light gray. Panels a and b were adapted from Ref. [12], panels c and d were reproduced from Ref. [68], both with permission from Elsevier.
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tain proS or proR speciﬁcally 13CH3 methyl labelled Leu and Val [21]
as well as 13CH3 methyl labeling of Ala [22], Met [23] and Ile (c2)
[24]. The assignment of the methyl groups to single amino acid po-
sition can either be transferred from single protein domains or sub-
complexes, where the classical three-dimensional experiments to
correlate side-chains resonances with backbone resonances are
still feasible [25], or obtained by single-point mutagenesis.
For the RNA part of the RNP complex, the situation is more
complex as nucleic acids do not display any moiety with very
low order parameters, such as side-chain methyl groups in pro-
teins. On the other hand, the proton density in RNA is not uni-
form with the base protons of purine being quite isolated in the
aromatic ring. This is reminiscent of the situation of 1H-15N amide
groups in otherwise perdeuterated proteins, for which the TROSY
effect allows visualization of resonances in 900 kDa complexes
[26], albeit at a high monomer concentration (2.1 mM). It could
be expected that in perdeuterated RNA, where the C8–H8 posi-
tions of one purine nucleotide-type are 13C,1H labelled, a 2D TRO-
SY correlation would yield a ﬁngerprint of the RNA in supra-
molecular complexes. Indeed, leading work in the laboratory of
M.F. Summers has addressed the secondary structure of the 50-
leader sequence of the HIV-1 genome, a 712-nucleotide dimer
that is critical for genome packaging (MW, 230 kDa). Even though
using only homonuclear NMR spectroscopy, the lab has developed
a technique, called long-range probing by adenosine interaction
detection (lr-AID), that allows investigating the secondary struc-
ture of speciﬁc elements in the context of the complete 50-leader
RNA [27]. A substituting element [UiUjAk]:[UlAmAn] is engineered
in the RNA; if the two stretches base pair, the Am-H2 chemical
shift is shifted up-ﬁeld, which allows its easy identiﬁcation in a
2D NOESY spectrum. Cross-strand NOEs of the Am-H2 with
Ak-H2, H10 conﬁrm the formation of the stem. Orthogonal 2H/1Hlabeling of nucleotide types facilitates the assignment of the
NOEs. In this way secondary structure elements within a large
RNA can be identiﬁed ‘‘piece-by-piece’’. The tertiary arrangements
of these elements can potentially be obtained through the meth-
odologies described in the following paragraphs.
However, the applicability of this technique to RNP complexes
has not been demonstrated yet.
3.2. Structural restraints
When the observable resonances are limited to the N–HN or CH3
groups of proteins and to the Cbase–Hbase groups of nucleic acids,
the amount of structural information that can be gained by NMR
is not as complete as for small complexes, where intermolecular
NOEs stemming from side-chains and backbone atoms can be as-
signed and quantiﬁed. Nevertheless, I wish to discuss here that
sparse NMR information, in combination with the high-resolution
structures of single components of the complex, possibly comple-
mented by low-resolution information generated by other struc-
tural biology techniques, has the potential to uncover the
architecture of high-molecular-weight molecular machines in their
natural aqueous environment. At this time point, the quality of the
structural precision achievable with this approach is unclear. We
do not know how to reliably calculate this ﬁgure, which will de-
pend on the number, nature and quality of the restraints. As these
studies become more frequent, the community needs to develop a
standard protocol to quantify the information content of each re-
straint type and translate it into a number representing the preci-
sion of the structure.
Intermolecular interfaces can be detected by means of either
chemical shifts perturbation (CSP) or cross-saturation experi-
ments. The latter method has been developed to study protein–
protein interactions and relies on the transfer of saturation from
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irradiated, to the amide protons of protein B, which are detected
[28]. A reduction of the intensity of the HN resonances of protein
B upon irradiation of protein A identiﬁes the region of B in contact
with A (Fig. 2). In this experiment protein A is unlabelled, while
protein B is 2H, 15N labelled, such that the saturation transfer is
speciﬁc for the protein–protein interaction interface. Another ver-
sion of this experiment can be designed that detects the methyl
groups of protein B while saturating the aromatic or aliphatic res-
onances of protein A, or even detect the saturation transfer to the
RNA aromatic protons upon saturation of protein side-chain reso-
nances. Dependent on the scheme of saturation and detection,
the experiment can be performed either in D2O or in a mixture
D2O/H2O to reduce dilution of the signal due to H2O mediated spin
diffusion. We have applied this methodology to the ternary hPrp31
(human Prp31)–15.5K–U4 50-SL (stem–loop) spliceosomal com-
plex, which, due to its large size and instability, is not suitable
for a complete structure determination by NMR [29]. We designed
an experimental protocol where the protein–protein interaction
surface is deﬁned for 15.5 K by cross-saturation NMR data, while
the relative orientation of the U4 RNA and the hPrp31 protein
are described by mutational and cross-linking data. The decrease
of the intensity of the HN resonances of 2D, 15N-labelled 15.5 K
upon saturation of the methyl resonances of hPrp31 in the
hPrp31–15.5K–U4 50-SL complex was quantiﬁed and translated
into distances. Using these data in a restrained ensemble docking
protocol, we obtained a model for the ternary complex; compari-
son of the docking model with the crystal structure of a truncated
version of the complex reveals that the docking model is accurate
and reproduces all the features of the complex three-dimensional
architecture (Fig. 2). Furthermore, the atomic details of the pro-
tein–protein interaction surface, both in terms of electrostatics
and van der Waals contacts, also show excellent agreement to
the crystal structure, demonstrating that good accuracy can beFig. 2. Cross-saturation experiment. (a) Principle of cross-saturation. The methyl reso
protein–protein contact surface, to the amide resonances of 2D-15.5 K in the hPrp31–2D/
for the 15.5 K amide resonances in the hPrp31–2D/15N-labelled 15.5 K–U4 50-SL ternary
crystal structure of the 15.5 K–U4 50-SL binary complex (15.5 K, gray; RNA, pink; disord
changes. (c) Overlap of the docking model of the hPrp31188–332–15.5 K–U4 50-SL comple
pale brown) with the crystal structure (proteins, light gray; RNA, dark gray). The agreem
[29] with permission from Elsevier.obtained at an atomic level even when using sparse and highly
ambiguous NMR restraints.
Once the mutual interaction surfaces have been deﬁned by
chemical shift mapping and cross-saturation experiments, the sin-
gle components need to be placed in the correct mutual orientation.
To this end, one can use residual dipolar couplings (RDCs) [30]
measured for each component of the complex under the same
alignment conditions. RDCs report on the orientation of internu-
clear vectors with respect to the magnetic ﬁeld; therefore, if the
structure of the single components is known, the data can be used
to orient the components with respect to each other. In high-
molecular weight RNP complexes 15N–HN and 13C–1H RDCs of
amide and methyl groups [31], respectively, are likely to be avail-
able for proteins, while for the nucleic acid components 15N–H and
13C–1H RDCs are available at most for the aromatic rings. In addi-
tion, the number of RDCs that can be obtained for each component
might be severely limited by spectral overlaps. Under these pre-
mises, the use of RDCs to yield the relative orientation of compo-
nents in the complex might not be always successful.
Nevertheless, in a recent study of the ADAR2 dsRBM-RNA complex
(MW 50 kDa), the Allain group has derived the structure of the
whole particle by assembling the two sub-complexes under the
guidance of only 45 N–HN RDCs. The success of the approach in this
particular case was helped by the additional constraint imposed on
the complex structure by the long RNA stem [32].
Even in the case that enough RDCs can be collected for each
component, the data from one alignment medium do not uniquely
deﬁne the mutual orientation of two molecules; rather, four clus-
ters are obtained where the two molecules are related by 180
rotations around the axis of the alignment tensor [33]. To lift this
ambiguity, RDCs should be obtained from at least two alignment
media leading to independent alignment tensors. In practice, we
ﬁnd it often difﬁcult to obtain good quality RDCs for large RNP
assemblies, not least because the dissolution of supra-molecularnances of 1H-hPrp31 are saturated and the saturation is transferred, through the
15N-labelled 15.5 K–U4 50-SL ternary complex. (b) Signal intensity changes observed
complex upon saturation of the methyl resonances of hPrp31 are plotted on the
ered penta-loop, dashed line). Red, orange and yellow indicate decreasing intensity
x obtained using sparse NMR and cross-link restraints (proteins, dark brown; RNA,
ent of the two complex architectures is excellent. Panels b and c were adapted from
130 T. Carlomagno / Journal of Magnetic Resonance 241 (2014) 126–136particles in orienting media can lead to the disassembly or the
rearrangement of unstable parts of the complex. We prefer to
use RDCs to conﬁrm or reﬁne the structural models of the single
components, before proceeding to the collection of intermolecular
restraints [34].
In the past decade, the NMR community has witnessed a renais-
sance of paramagnetism, namely of magnetic dipoles generated by
unpaired electrons. In general, the presence of a paramagnetic cen-
ter inﬂuences the chemical shift and the relaxation properties of
the neighboring nuclei. Here I would like to concentrate on the ef-
fect of paramagnetic relaxation enhancement (PRE) on nuclear spins.
Two mechanisms are responsible for increased nuclear relaxation
rates in the presence of an unpaired electron: the ﬁrst mechanism,
called Solomon relaxation, is a dipole–dipole interaction between
the electron and the nucleus and is prominent for slowly tumbling
molecules (long rotational correlation time sc) and long-lived elec-
tron spin states; the Curie relaxation, instead, is important for fast
relaxing electrons, and generates from the interaction of the nucle-
ar dipole with the averaged static magnetic moment of the electron
[35]. Both relaxation mechanisms depend on the distance between
the electron spin and the nucleus according to r6. Quantiﬁcation
of the paramagnetic relaxation enhancement effect ðPRE ¼ Rpara2 Þ
at the site of the nucleus yields a measure of the distance between
the electron and the nucleus and can be translated into structural
information. For methyl groups detected in a 13C–1H HMQC spec-
trum, the PRE effects are quantiﬁed from the cross peak intensity
ratio (Ipara/Idia) of samples with the spin label in the paramagnetic
(oxidized, Ipara) and diamagnetic (reduced, Idia) state. Rpara2 , the para-
magnetic contribution to the methyl group relaxation, is calculated
from:
Ipara
Idia
¼ exp R
para
2 tHMQC
 
RdiaH2 R
diaHC
2
RdiaH2 þ Rpara2
 
RdiaHC2 þ Rpara2
 
where RdiaH2 and R
diaHC
2 are the transverse relaxation rates for the
methyl protons and the HC double quantum coherence in the dia-
magnetic state, respectively, and tHMQC (typically 7.6 ms) is the total
magnetization transfer time in the HMQC [36]. Generally, PRE ef-
fects are measured with paramagnetic centers showing predomi-
nant Solomon relaxation, such as nitroxide radicals and Mn2+. The
distance between the electron spin and the nucleus is estimated
using a modiﬁed version of the Solomon–Bloembergen equation
[37] (Fig. 3). Excellent reviews of paramagnetic NMR can be found
in [38,39].
In RNP complexes paramagnetic tags can be attached at speciﬁc
positions on one of the protein components: quantiﬁcation of the
PRE effects on the methyl and amide groups of the other proteins
and on the base resonances of the RNA yields intermolecular dis-
tance restraints. The most common strategy for paramagnetic tag-
ging of proteins uses single cysteine residues, which can be easily
reacted with a thiol-containing compound. In this way speciﬁc
positions along the protein chain can be coupled with synthetic
metal chelating agents (for example based on ethylenediaminetet-
raacetic acid, EDTA) or chemical radicals [40]. The most commonly
used radical for coupling to the cysteine thiol group is the (3-(2-
iodoacetamido)-2,2,5,5,tetramethyl-1-pyrrolidinyloxy radical).
Single cysteines can be engineered in each protein of the complex
one-by-one at different positions, so as to obtain a complete net-
work of intermolecular distances (Fig. 3). The drawback of this
technique is that the protein to be paramagnetically tagged must
not contain any accessible native cysteine, which might limit the
applicability of the method or require more sophisticated tagging
strategies.
For RNA molecules site-selective spin-labelling strategies can
be performed either during chemical synthesis or post-synthetic
[41]. Post-synthetic labelling allows introduction of radicals atthe phosphodiester backbone, via coupling with a thiophosphate,
at the C2, C4 and C5 positions of uridines, at the C5 position of cyti-
dines and at the C2 position of adenosines [42]. The nucleotide to
be coupled with the spin-label must uniquely carry a chemical
modiﬁcation that is capable of reacting with the spin label. As for
proteins, care must be taken that the spin-label does not perturb
the structure of the RNA while, at the same time, the linker should
be as rigid as possible to avoid averaging of the structural informa-
tion through excessive spin-label dynamics. For long RNAs, which
cannot be obtained by chemical synthesis, the single-site modiﬁca-
tion must be engineered in a shorter fragment, which is then com-
bined with other fragments by enzymatic ligation to lead the
complete RNA. This procedure can be cumbersome and yields only
small amounts of RNA.
As an example of the application of PRE effects to RNP com-
plexes, I can mention the elegant work of the Sattler laboratory
on the protein U2AF65 bound to a polypyrimidine tract [43]. In
pre-mRNA processing the multi-domain splicing factor U2AF65
recognizes a uridine rich RNA sequence to promote spliceosome
assembly. The protein possesses two RNA recognition motifs,
RRM1 and RRM2 connected by a ﬂexible linker. PREs data obtained
by spin-labelling different residues of either RRM1 or RRM2 in the
RRM1–RRM2 construct revealed the presence of a conformational
equilibrium between an ‘‘open-state’’, where both RRM domains
are capable of binding the RNA, and a ‘‘closed-state’’, where only
RRM2 binds to the RNA and the RNA binding surface of RRM1 is
partially engaged in electrostatic interactions with RRM2. By ana-
lysing the percentage of ‘‘open’’ versus ‘‘closed’’ conformations in
the presence of substrate RNAs of different sequence, the authors
could correlate the amount of protein in the ‘‘open-state’’ with
the efﬁciency of the U2AF65–RNA interaction in promoting splice-
osome assembly. Furthermore, they could demonstrate that pro-
tein mutations destabilizing the ‘‘open-state’’ are impaired in
their ability to bind the RNA. This study demonstrates the useful-
ness of PRE data for characterizing the relative orientation of pro-
tein domains or of distinct components of a complex, including
even the detection of multiple conformations. An extensive set of
PRE-derived distances can be used to guide molecular docking
and determine the conformation of RNP complexes.
As mentioned above, site-directed paramagnetic labelling of
proteins is only possible in the absence of multiple accessible cys-
teines. If more than one cysteine is located on the surface of the
protein, these residues can be mutated to serine, under the provi-
sion that mutagenesis does not alter the protein folding. Alterna-
tively, a different implementation of the PRE effect has been
proposed, which does not requires site-directed spin-labelling
[44]. A soluble paramagnetic agent Gd(DTPA–BMA) (DTPA: dieth-
ylenetriamine pentaacetic acid, BMA: bismethylamide) is added
to the solvent, resulting in line broadening of the accessible nuclear
spins. This data can be translated into structural information deﬁn-
ing the distance of the nuclear spins from the surface, or in other
words the solvent accessibility (Fig. 4). Solvent PREs have been
used in a combined structure-selection/structure-reﬁnement pro-
tocol to calculate the conformation of the Ran-CRM1-PKI NES com-
plex together with sparse NOEs [44]. More recently an empirical
function translating solvent accessibility data into structural infor-
mation has been implemented in Xplor-NIH for structure calcula-
tions [45].
A similar approach has been applied to nucleic acids as well.
The Butcher laboratory has used solvent PREs with TEMPOL (4-hy-
droxy-2,2,6,6-tetramethylpiperidine-1-oxyl) to study the dynamic
surface accessibility of small RNAs, such as the HIV-1 RNA and
the U6 ISL (internal stem–loop), and was able to detect dynamic
motions that were not evident in the ensemble of NMR structures
[46]. Although solvent PREs have never been used to characterize
RNP complexes, it is conceivable that they could restrict the
Fig. 3. Paramagnetic relaxation enhancement. (a) Work ﬂow of a paramagnetic relaxation enhancement experiment. First, the chemical tag carrying the unpaired electron is
reacted with a single cysteine in the protein. Second, two spectra, for example 13C–1H methyl-HMQCs, are collected in the paramagnetic and diamagnetic (after reduction of
the unpaired electron) state of the tag. Third, the differences in peak intensities in the two spectra are quantiﬁed and translated into distances of the respective methyl groups
from the paramagnetic tag. The equation is derived from [37]. (b) Example of the measurement of PRE effects for the Box C/D RNP complex from Pyrococcus furiosus. The
complex consists of the guide and substrate RNAs (in orange and pink, respectively), of the protein L7Ae (green), of the protein Nop5 (gray) and of the protein Fibrillarin
(blue). The paramagnetic tag is coupled to a cysteine residue in the Nop5 protein (magenta sphere) and the resulting PRE effects are measured for the methyl groups of L7Ae
and Fibrillarin. Red, orange and yellow spheres indicate methyl groups, with strong, medium and weak or no PRE effects. The protein L7Ae is placed correctly with respect to
the paramagnetic tag in the structural model of Fig. 3b, as methyl groups with strong PRE effects (red spheres) are closest to the tag (magenta sphere). On the other hand, the
relative orientation of the Nop5 and Fibrillarin proteins is incorrect in the model, as methyl groups with medium or weak PRE effects (orange and yellow spheres) are the
closest to the paramagnetic tag.
Fig. 4. Principle of solvent PREs. The paramagnetic centers of Gd(DTPA-BMA) in
solution (red spheres) solicit PRE effects in solvent exposed areas of the biomolecule
(in gray). The PRE effects increase in the direction of the red arrow, namely from the
interior to the exterior of the biomolecule. The ﬁgure was reproduced from [44]
with permission from John Wiley and Sons.
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solvent accessible surfaces both for the protein and RNA
components.
4. Complementary structural biology techniques
In the past decade, the power of interdisciplinary approaches
has been recognized in all scientiﬁc ﬁelds. Structural biology is
not an exception: coordinated initiatives, such as the INSTRUCT
project of the European Commission, aim at disseminating exper-
tise access points throughout the territory, where high-end struc-
tural biology techniques are available to non-expert scientists
together with the appropriate technical help. Indeed, the potential
of combining information at different resolutions, stemming from
complementary or partially overlapping data, is enormous,
especially in structural studies of challenging systems. In the
past, high-molecular-weight particles were investigated athigh-resolution exclusively by X-ray crystallography; today, the
impressive progresses in NMR spectroscopy discussed in the previ-
ous section have broken the size-boundaries of solution-state NMR
and have made us adventure in the study of objects of several hun-
dreds of kDa. The price we pay for this is a much-reduced amount
of distance restraints, which allows the determination of the com-
plex structure only in combination with additional structural infor-
mation. As discussed above, the low number of distance restraints
can be compensated for by using ﬁxed, pre-existing structures of
sub-components of the complex. This strategy works well for pro-
teins, but might fail for the RNA parts, due to the capability of RNA
to assume diverse conformations in dependence of the environ-
ment or the presence of cognate proteins. In the previous sections
I have reviewed some methods to obtain local (lr-AID) or medium-
range (PRE) structural information on RNA as part of RNP com-
plexes. However, as the complex size grows, and with it the size
of the RNAs, long-range distances, deﬁning the relative position
of RNA secondary structure elements, become necessary. This data
can be optimally obtained with techniques such as Fluorescence
Resonance Energy Transfer (FRET) or Electron Paramagnetic Reso-
nance (EPR). Both methods yield distance restraints between re-
porter tags that need to be engineered at speciﬁc positions in the
RNA. FRET measures the non-radiative dipole–dipole interaction
between two ﬂuorophores, which results in a transfer of energy
from the excited donor ﬂuorophore (at higher energy) to the accep-
tor ﬂuorophore (at lower energy). The energy transfer efﬁciency is
proportional to the inverse sixth power of the distance between
the donor and acceptor ﬂuorophores under the assumption of
low ﬂuorescence anisotropy. It is outside the scope of this article
to describe the FRET technique in details; good reviews of the
method applied to RNA can be found in [47,48]. In general, FRET al-
lows measuring distances in the order of 30–80 Å, requires a low
amount of material and is suitable to collect both structural (in
steady-state measurements) and dynamic (in time-resolved mea-
surements) data. The disadvantage of the technique is that it
132 T. Carlomagno / Journal of Magnetic Resonance 241 (2014) 126–136requires bulky hydrophobic tags, limiting the positions where the
ﬂuorophores can be placed. At the same time the ﬂuorescent tags
might interact with the protein components of the complex, and
either perturb the complex architecture or invalidate the assump-
tion of low ﬂuorescence anisotropy.
As an alternative approach to FRET, pulsed electron–electron
double-resonance (PELDOR) spectroscopy can be used to deter-
mine distances in nucleic acids in the range of 15–70 Å. The meth-
od measures the dipole–dipole interaction of two free electrons
located on nitroxide spin labels, chemically attached to the nucleic
acid at selected positions [49]. Both distance and distance distribu-
tion functions can be obtained for double-labelled nucleotides [50].
The advantage of EPR-based distance measurement in comparison
to FRET is that the spin labels are relatively small (usually 2,2,5,5-
tetramethyl-pyrrolin-1-oxyl-3-acetylene, TPA) [42] and can be
introduced both in helical and loop regions with minimal perturba-
tion of the structure. In addition, the same spin labels can be em-
ployed for PRE measurements, optimizing the effort in
engineering the spin label positions.
Clearly a number of such long-range distances, obtained either
by FRET or EPR, have the potential to restrict the conformational
space available to the RNA and determine the relative orientation
of both secondary structure elements in one RNA molecule and
of multiple RNA molecules in the complex.
In the past few years it has become popular to validate or com-
plement structural information obtained by NMR with Small Angle
Scattering (SAS) data (Fig. 5). Small angle scattering of either X-ray
(SAXS) or neutrons (SANS) provides a low-resolution envelope of
the particle in solution. The structural information derived from
SAS data refers to the overall shape of the molecule and does not
report on ﬁne structural details; in this respect it can be considered
fully complementary to the information derived by NMR. Examples
of the use of SAXS scattering proﬁles to validate structures derived
by NMR can be found in the literature for both proteins [51] and
nucleic acids [52,53]. Direct structural reﬁnement against the SAXS
scattering curve is available in the structure calculation program
CNS [54]. Alternatively, SAXS data are used to derive a consensus
low-resolution molecular shape: this shape can be employed to
constrain the conformational space available to the molecule(s),Fig. 5. Small angle scattering. (a) Pair-wise distance distribution P(r) calculated from the
shaped dimeric protein: the distance between the two maxima roughly corresponds to t
restraint in structure calculations. The P(r) distribution is indicative of the shape of th
Elsevier. (b) The scattering density of the solvent and of 1H and 2H biomolecules in a mix
the biomolecule matches that of the solvent, its contribution to the scattering contrast is
image was adapted from Ref. [51] with permission from Elsevier. (c) Pictorial explanat
green) and one RNA (blue) measured in 42% D2O. In the ﬁrst measurement, the two pro
contrast (dark blue); in the second measurement the green protein and the RNA are non
extent the 1H-RNA (light blue) contribute to the contrast; in the third experiment the
protein and to a lesser extent the 1H-RNA (light blue) contribute to the contrast.similarly to the process of ﬁtting ﬂexible atomic structures to Elec-
tron Microscopy maps [55].
SAXS has a much higher signal to noise than SANS and is avail-
able both at synchrotrons and in the lab on bench top instruments.
However, SANS has a clear advantage over SAXS when applied to
RNP complexes. In SANS, hydrogen (or deuterons) nuclei are
responsible for the scattering of the neutrons, as opposed to elec-
trons that scatter X-ray radiation in SAXS. The biological particle
under investigation is usually dissolved in aqueous solvent; this
has its own scattering density in dependence of the percentage
of D2O contained in the H2O-based buffer. Similarly, proteins have
on average a different scattering density from nucleic acids and 2H-
labelled RNAs or proteins scatter at higher density than their 1H-
counterparts (Fig. 5). Thus, if the SANS scattering curve is recorded
for an RNP complex in 42% D2O buffer, the average scattering den-
sity of the proteins is matched by the solvent, and therefore sub-
tracted with the measurement of the reference buffer, while the
scattering density of the RNA component of the complex domi-
nates the curve. In this experiment it is possible to gain selective
information on the shape of the RNA molecule(s) in the context
of the complete RNP complex. Similarly if the SANS scattering
curve is recorded in 70% D2O, the average scattering density of
the RNA is matched by the solvent while the proteins dominate
the (negative) scattering density. This technique, called ‘‘contrast
matching’’, allows investigating the shape of single components
of a complex in the context of the complete assembled particle
[56]. The protein and RNA components can be further separated
from each other using selective 2H-labelling of one protein or
RNA species. In multi-component complexes a number of samples
can be prepared with different labeling schemes, for each of which
SANS data report on the shape of single components in the com-
plex or on the relative position of two components.
In early years, the SANS contrast matching approach was used
to study the ribosome particle and to generate a model of the com-
plex, including the position of the tRNA [57–59]; this model has
been proven largely correct on the basis of crystal structures ob-
tained years later. Others [60] and we ﬁnd it very useful to comple-
ment NMR data with SANS data in the calculation of the structure
of RNP complexes. The SANS data can be used to derive distancesSAXS scattering curve of objects of different shapes. Note the P(r) of the dumbbell
he distance between the two monomers. This value can be directly used as distance
e molecule. The image was reproduced from reference [69] with permission from
ture of D2O/H2O as a function of the D2O percentage. When the scattering density of
almost zero. This graph represents the basis of the contrast matching technique. The
ion of the contrast matching technique for a complex of two proteins (orange and
tein are non-labelled, while the RNA is deuterated: only the RNA contributes to the
-labelled while the orange protein is deuterated: the orange protein and to a lesser
green protein is deuterated and the other components are non-labelled: the green
T. Carlomagno / Journal of Magnetic Resonance 241 (2014) 126–136 133between multiple domains or molecules in the complex (Fig. 5),
which can then be imposed as restraints in structure calculation.
In alternative, a pool of computer-generated structures can be se-
lected on the basis of their agreement with several SANS curves
measured with varied contrast for different 2H-labelled samples.4.1. Structure determination of RNP complexes with an integrative
structural biology approach
In Fig. 6 we propose a possible workﬂow to determine the struc-
ture of high-molecular-weight RNP complexes by the combined
use of NMR data and distance or shape information generated by
complementary structure biology techniques. We assume that
the conformation of the single components of the complex, namely
of protein globular domains or of RNA secondary structure ele-
ments, is known from high-resolution studies of the molecules in
isolation. Linker regions of limited length join these well-deﬁned
structural elements in each of the RNP components. Both N–HN
and CH3 dipolar couplings for proteins and Cbase–Hbase dipolar cou-
plings for RNAs can verify the integrity of the structural elements
in the complex. In some cases we might know the geometry of
pair-wise molecular interactions as well, for example from the
structure of sub-complexes. The preservation of these intermolec-
ular contacts in the full complex can be veriﬁed by PRE data. Once
the subunits with ﬁxed conformation have been identiﬁed, the
complex can be assembled through molecular docking guided by
the inter-subunit PRE-derived distances, methyl–methyl NOEs (if
available), chemical shift perturbation or cross-saturation data,
EPR/FRET-derived distances and SANS-derived constraints (radius
of gyration, inter-domain distances). The overall shape of the com-
plex can be used to actively conﬁne the conformational search to
the envelope derived by SAXS or EM data. Subsequent to the
molecular docking protocol, structures can be ﬁltered by their
agreement with the various SANS curves acquired with the con-
trast matching technique. A second round of calculation could in-
clude a local search around the minimum (or minima) of the ﬁrst
round to yield the structure(s) that is(are) in agreement with the
hybrid experimental data. Recently, we have applied this protocol
to determine the structure of the 390 kDa Box C/D RNP enzyme
that methylates ribosomal and messenger RNA at the ribose 20-O
position [36].
I envision that such a protocol could yield the architecture of
many molecular machines: its application to several systems will
teach us ways to judge the conﬁdence in the structures we obtainFig. 6. Structure calculation protocol. Scheme of the protocol proposed to caby hybrid methods and will point to the data that may be needed
to improve this conﬁdence.
To date, the direct employment of multiple SANS scattering
data as energy terms in structure calculations has not been yet at-
tempted. Deﬁnitely, this implementation would make the confor-
mational search with the protocol described above more efﬁcient
by restricting it to the space that is in agreement with the SANS
data.
One possible caveat in the application of integrative structural
biology protocols lies in the fact that different techniques require
different experimental conditions. For example, the typical sample
concentrations are very different in SAXS and NMR, while SANS
uses similar amount of solute as NMR. The PRE NMR experiments,
as well as FRET and EPR, require addition of tags to either proteins
or RNA, which might alter the structure. Special care must be taken
when designing the position of paramagnetic or ﬂuorescent tags no
to perturb potential interaction interfaces; in all cases the integrity
of the complex must be veriﬁed by ensuring that its physicochem-
ical properties, functional activity and NMR ﬁngerprints are equal
to those of the wild-type complex.5. Dynamics studies of large complexes: utopia or reality?
Notwithstanding the difﬁculties related to the detection of NMR
resonances in high-molecular-weight complexes, very elegant
work from the group of L. Kay used the methyl groups of methio-
nines to detect dynamics at the proteasome gate by exchange spec-
troscopy [61]. Previously, the same group had described the
dynamics of the proteasome antechamber measuring relaxation
dispersion curves of the ILV methyl groups [19]. Similarly, methyl
groups of methionines have been recently used to detect the coex-
istence and interconversion of the open and closed conformations
of a GPCR membrane protein [62]. These studies establish NMR as
a unique technique allowing both the structural and dynamical
characterization of high-molecular-weight proteins.
Also in this case, proteins are easier to handle than RNAs. Despite
the development of relaxation dispersion and RDC approaches to
study the dynamics of RNA bases, the application of these
experiments in the context of high-molecular-weight particles
has not been yet demonstrated [63]. At present and as described be-
fore, even structural studies of large RNAs remain challenging and
require several samples with diverse labeling schemes and nucleo-
tide substitutions. It is probably too early to adventure in dynamic
studies of the RNA part of high-molecular-weight RNP complexeslculate the structure of RNP complexes from sparse NMR and SAS data.
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experiments have been successfully used to study the dynamics of
DNA stretches [64]. This approach is independent of the size of the
molecule and therefore well applicable to larger particles.
6. A detour into solid-state NMR spectroscopy
Solid-state NMR (ssNMR) has emerged in the last decade as one
of the prominent methods to study the structure of large, poorly
soluble molecules. Impressive progresses have been witnessed in
the ﬁeld of membrane proteins and intrinsically disordered pro-
teins, while very few studies have addressed RNP complexes by
ssNMR. The potential of the methodology is signiﬁcant; ssNMR
has virtually no limitation on the size of the objects it can be ap-
plied to, and the direct observation of heteronuclei, instead of pro-
tons, is beneﬁcial to study interaction interfaces involving the
proton-poor RNA backbone. A few years ago my group started to
explore the application of ssNMR to RNP complexes, in particular
to characterize the RNA components and their interfaces with pro-
teins. In our ﬁrst work [65], we measured distances between the
phosphorus nuclei of the RNA backbone and the nitrogen nuclei
of the protein backbone in a 21 kDa complex consisting of the
26mer Box C/D RNA in complex with the L7Ae protein. To this
end, we used a 31P–15N TEDOR (transferred echo double resonance)
experiment and we quantiﬁed the dependence of the 31P–15N
transfer peaks on the mixing time (Fig. 7); the curve parameters
depend on the dipolar coupling between the two correlated nuclei
and therefore on their mutual distance. We could show that the
31P–15N distances measured with this approach are in good agree-
ment with those expected from the crystallographic structure of an
orthologous RNP complex and can be used as restraints in struc-
ture calculation protocols (Fig. 6).
In a following work in collaboration with the Reif laboratory at
the TU, Munich, we studied the RNA–protein interface of the sameFig. 7. RNA–protein distances from ssNMR (a) solution-state 15N–1H HSQC spectra of L7A
indicated and connected by dashed lines to the solid-state 2D 31P–15N TEDOR spectrum
ssNMR 31P 1D spectrum of the L7Ae–Box C/D RNA complex is shown on the top of the TE
restrained energy minimization of the X-ray structure of an orthologous binary RNP. The
RNA is in red and the bulged-out U20 is in orange. The distances between the 15N back
experiment. The ﬁgure has been adapted from [65] with permission of the American ChRNP complex by detecting the N–HN resonances of the protein
L7Ae in complex with either 1H- or 2H-RNA [66]. The lower inten-
sity of some N–HN peaks in the complex sample containing 1H-RNA
with respect to 2H-RNA can be attributed to the 1H–1H dipolar cou-
pling between the protein HN and one RNA HC at the intermolecu-
lar interface. The portion of the protein in contact with the RNA can
be easily identiﬁed in this experiment. In addition, quantiﬁcation
of the intensity ratios allows their correlation with both distance
and orientation of the interacting N–HN (protein) and C–HC
(RNA) vectors. Such distance and orientation restraints can be used
in the structure calculation protocol of Fig. 6 to deﬁne the protein–
RNA interface at atomic resolution.
The ﬁrst requisite to study the RNA component of the RNP com-
plex by ssNMR is the assignment of its NMR resonances. Recently,
we proposed a suite of experiments that allows the assignment of
RNA spin-systems for the 26mer Box C/D RNA in complex with
L7Ae [67]. The assignment procedure starts with homonuclear
13C–13C PDSD (proton-driven spin diffusion) spectra, acquired at
different mixing times, followed by heteronuclear correlation
experiments. A selective CNC experiment delivers a unique set of
C10, C2, C6, N1 and C10, C4, C8, N9 chemical shifts for pyrimidine
and purine spin systems, respectively (Fig. 8). A z-ﬁltered CN-TE-
DOR experiment validates the chemical shift assignment obtained
from the CNC experiment, while the CN-TEDOR-PDSD, in combina-
tion with the previously acquired 13C, 13C PDSD experiment, is used
to complete and conﬁrm the assignment of ribose and base car-
bons. Following intra-nucleotide resonance assignment, sequential
RNA resonance assignment strategies, as well as new methodolo-
gies for the measurement of structural constraints by means of
ssNMR, are active areas of research in our laboratory.
Given the great capabilities that ssNMR has demonstrated in
solving the structure of large membrane proteins, a widespread
application of the technology to RNP complexes is highly desirable
and in my opinion within reach.e bound to the Box C/D RNA. The cross-peaks of residues in the RNA binding site are
of L7Ae (15N-labelled) in complex with the Box C/D RNA (31P), shown in (b). The
DOR 2D plot. (c) The Box C/D RNA binding site of L7Ae. This model was obtained by
Box C/D region of the RNA is colored in turquoise, the protein region contacting the
bone nuclei and the phosphorus of U20 shown in (d) were measured in the TEDOR
emical Society.
Fig. 8. Assignment of RNA resonances in ssNMR. Magnetization transfer in the (a) CNC (black) and NCC (gray) experiments, (b) z-ﬁltered CN-TEDOR experiment, both shown
on the example of an adenosine. In (b) continuous and dashed lines indicate short- and long-range correlations, respectively. Pulse sequences for (c) the 3D CNC experiment,
(d) the 2D NCC experiment and (e) the z-ﬁltered TEDOR (z-ﬁltered TEDOR-PDSD) experiments. Additional experimental details can be found in the original publication [67].
The ﬁgure has been reproduced from [67] with permission from John Wiley and Sons.
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In this article I have tried to provide a perspective for the struc-
tural investigation of high-molecular-weight RNA–protein com-
plexes in solution. After several years during which NMR
spectroscopy has been considered suitable only for ‘‘small pro-
teins’’, advances in instrumentation and courageous work from a
few laboratories have broken the classical size-limitation of
solution-state NMR and have demonstrated its applicability to
mega-dalton protein complexes. The next bet for the coming years
consists in expanding these technologies to nucleic acids, whose
structural investigation in solution offers considerable challenges,
due to the considerable resonance overlap, to the unequal proton
distribution and to the absence of slowly relaxing reporter groups,
such as protein methyls.Acknowledgments
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